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Cytoplasmic RNA granules play a central role in
mRNA metabolism, but the importance of mitochon-
drial RNA granules remains relatively unexplored.We
characterized their proteome and found that they
contain a large toolbox of proteins dedicated to
RNA metabolism. Investigation of four uncharacter-
ized putative RNA-binding proteins—two RNA heli-
cases, DHX30 and DDX28, and two proteins of the
Fas-activated serine-threonine kinase (FASTKD)
family, FASTKD2 and FASTKD5—demonstrated
that both helicases and FASTKD2 are required
for mitochondrial ribosome biogenesis. RNA-
sequencing (RNA-seq) analysis showed that DDX28
and FASTKD2 bound the 16S rRNA. FASTKD5 is
required for maturing precursor mRNAs that are not
flanked by tRNAs and that therefore cannot be pro-
cessed by the canonical mRNA maturation pathway.
Silencing FASTKD5 rendered mature COX I mRNA
almost undetectable, which severely reduced the
synthesis of COX I, resulting in a complex IV
assembly defect. These data demonstrate that mito-
chondrial RNA granules are centers for posttran-
scriptional RNA processing and the biogenesis of
mitochondrial ribosomes.INTRODUCTION
Regulation of the translation and turnover of mRNAs is central to
the control of gene expression. Eukaryotes have evolved mech-
anisms to sequester mRNAs and their associated RNA-binding
proteins into non-membrane-delimited bodies called RNA gran-
ules as a mechanism to control these processes and respond to
changing cellular demands and physiological stresses (Buchan,
2014). Several different types of RNA granules have been identi-
fied in different cellular contexts; however, all are dynamic struc-
tures that contain an assortment of RNA-binding proteins and
translationally repressed mRNAs. P-bodies (processing bodies)
contain, in addition, processing enzymes for mRNA decay,
including the machinery for nonsense-mediated mRNA decay920 Cell Reports 10, 920–932, February 17, 2015 ª2015 The Authorsand microRNA-mediated suppression of translation (Decker
and Parker, 2012; Kulkarni et al., 2010). Translationally silent
RNAs are also known to be consolidated into germ granules to
coordinate early developmental programs (Anderson and Keder-
sha, 2009), stress granules to respond to starvation and other
cellular stresses (Anderson and Kedersha, 2009; Buchan and
Parker, 2009), and transport granules to regulate local translation
at neuronal synapses (Liu-Yesucevitz et al., 2011). The accumu-
lation of abnormal stress granules, resulting from mutations in
RNA-binding proteins, is now recognized as an important cause
of some neurodegenerative diseases (Li et al., 2013; Ramas-
wami et al., 2013).
Structures resembling cytoplasmic RNA granules were
recently identified in mitochondria in close proximity to mito-
chondrial nucleoids (Antonicka et al., 2013; Jourdain et al.,
2013), suggesting that compartmentalization of mitochondrial
RNAs might also be important in the posttranscriptional regula-
tion of mitochondrial gene expression. mtDNA codes for only
13 mRNAs, 2 rRNAs, and 22 tRNAs, so the RNA composition
of the mitochondrial granules must be considerably less com-
plex than in cytoplasmic RNA granules. Transcription of mtDNA
occurs from both strands, producing large polycistronic tran-
scripts that are subsequently matured by RNase P processing
at the 50 and RNase Z processing at the 30 ends of the tRNAs
that punctuate most of the open reading frames (Holzmann
et al., 2008; Sanchez et al., 2011). It is not known how the tran-
scripts that are not punctuated by tRNAs are matured. Although
discrete foci of newly transcribed mitochondrial RNA were first
observed a decade ago by pulse labeling cells with bromouridine
(BrU) (Iborra et al., 2004), the nature of the proteins associated
with these transcripts remained unknown. Subsequent immuno-
fluorescence studies showed that the vast majority of BrU-
labeled foci co-localized with the RNA-binding protein GRSF1
(G-rich sequence binding factor) (Antonicka et al., 2013; Jour-
dain et al., 2013). These foci were also shown to contain subunits
of RNase P (Jourdain et al., 2013). Using bimolecular fluores-
cence complementation assays, Borowski et al. (Borowski
et al., 2013) further showed that a small proportion of BrU-
labeled foci co-localized with a complex of SUPV3L1/PNPase,
forming the so-called mitochondrial degradosome. These
studies thus pinpointed RNA granules as sites of both RNA pro-
cessing and turnover.
GRSF1 belongs to the heterogeneous nuclear ribonucleopro-
tein F/H family of RNA-binding proteins, all of which contain
Table 1. List of the First 20 Mitochondrial Proteins Enriched in
GRSF1 versus the Control Immunoprecipitation Experiment in
Mitochondria Isolated from UV-Crosslinked 143B Cells
Gene Name Description
DHX30 Putative ATP-dependent RNA helicase DHX30
FASTKD2 FAST kinase domain-containing protein 2
MTPAP Poly(A) RNA polymerase
MRPP1 RNA (guanine-9-) methyltransferase domain
containing 1
PMPCB Mitochondrial processing peptidase, beta subunit
MRPS9 28S ribosomal protein S9
PNPT1 Polyribonucleotide nucleotidyltransferase 1
SUCLG2 Succinate-coenzyme A ligase, guanosine diphosphate
forming, beta subunit
SUPV3L1 ATP-dependent RNA helicase SUPV3L1
DARS2 Aspartate-tRNA ligase
MRPS27 28S ribosomal protein S27
MCU Calcium uniporter protein
MRPL43 39S ribosomal protein L43
POLRMT DNA-directed RNA polymerase
MRPL19 39S ribosomal protein L19
YME1L1 ATP-dependent zinc metalloprotease
MRPP3 Mitochondrial RNA P protein 3
MRPS31 28S ribosomal protein S31
ME2 NAD-dependent malic enzyme
AARS2 Alanine-tRNA ligasequasi-RNA recognition motifs that bind G-tract RNAs, maintain-
ing them in a single-stranded conformation and preventing
them from forming higher-order G-quadruplex structures (Dom-
inguez et al., 2010). Although GRSF1 has been implicated in a
variety of posttranscriptional processes involving cellular and
viral mRNAs (Jablonski and Caputi, 2009; Kash et al., 2002;
Schaub et al., 2007), it is predominantly a mitochondrial matrix
protein that preferentially binds three G-rich transcripts coded
on the mtDNA light strand: ND6 mRNA and two long non-cod-
ing RNAs (lncND5 and lnc-cyt b) (Antonicka et al., 2013).
Silencing of GRSF1 results in dysregulation of mitochondrial
transcription, aberrant loading of mRNAs and long noncoding
RNAs onto mitochondrial ribosomes, and compromised mito-
chondrial ribosome biogenesis, suggesting that GRSF1, and
perhaps other proteins that localize to RNA granules, play
crucial roles in translational regulation and in ribosome
assembly.
The protein composition of the mitochondrial RNA granules,
however, remains relatively unexplored. Here, we have investi-
gated the mitochondrial RNA granule proteome and studied
four previously uncharacterized RNA granule proteins. We
show that mitochondrial RNA granules not only contain a large
assortment of the molecular tools for posttranscriptional pro-
cessing and handling of mRNAs but also act as centers for
mitochondrial ribosome biogenesis, performing a function
akin to that of the nucleolus where cytosolic ribosomes are
assembled.CeRESULTS
Characterization of the RNA Granule Proteome
The ideal way to identify all of the protein components of the
mitochondrial RNA granule would be to isolate a pure granule
preparation and identify the constituent proteins by mass
spectrometry. However, because RNA granules are not mem-
brane delimited and likely exist in a dynamic state of assem-
bly/disassembly, biochemical isolation remains a formidable
challenge. To begin to characterize mitochondrial RNA granule
proteome, we decided to immunoprecipitate endogenous
GRSF1, a core component of the granule, from UV-crosslinked
143B cells, reasoning that this might bring down the
ensemble of proteins involved in mitochondrial RNA meta-
bolism. Mass spectrometry analysis of the immunoprecipitate
identified a large collection of proteins responsible for the post-
transcriptional processing and modification of mitochondrial
transcripts (Table 1; Table S1), including enzymes involved in
processing the primary polycistronic transcript (MRPP1,
MRPP2, MRPP3, and PTCD1), mitochondrial poly(A) polymer-
ase, RNA-modifying enzymes (TFB1M, PTCD3, RMNTL1,
PUS1), and the mitochondrial RNA degradosome complex
(PNPT1, SUPV3L1). Proteins of the mitochondrial translation
machinery were also present, including several aminoacyl
tRNA synthetases (DARS2, AARS2, HARS2, SARS2, KARS,
TARS2), structural proteins of both the small (mt-SSU) and
large (mt-LSU) mitochondrial ribosomal subunits, and factors
involved in ribosome assembly/disassembly, viz., GFM2,
NOA1, and MTG1. Additionally, we identified several catalytic
mitochondrial enzymes, and other mitochondrial and non-mito-
chondrial proteins, whose role in mitochondrial RNA meta-
bolism remains to be established.
The top-scoring proteins (using MASCOT scores) detected in
our analysis were a putative RNA helicase, DHX30, and a pro-
tein of the Fas-activated serine-threonine kinase (FASTK)-
domain containing family, FASTKD2. DHX30 was previously
described as a mitochondrial nucleoid protein; however, it
was shown to localize near mtDNA (Wang and Bogenhagen,
2006), similar to the pattern observed for GRSF1. DHX30 was
also shown to co-immunoprecipitate with a tagged version of
the transcription elongation factor TEFM (Minczuk et al.,
2011), further suggesting a role in RNA metabolism. Several
isoforms of DHX30 have been described, localizing either to
mitochondria (Wang and Bogenhagen, 2006) or to the cyto-
plasm, where DHX30 plays a role in anti-viral responses (Ye
et al., 2010; Zhou et al., 2008), another feature reminiscent of
GRSF1 (Kash et al., 2002).
The FASTK-domain containing family comprises six mem-
bers, all localized to mitochondria (Simarro et al., 2010b),
whose precise molecular function remains unknown. All contain
an 60-residue RAP (RNA-binding domain abundant in
apicomplexans) domain at the C terminus that is predicted to
be involved in RNA binding (Lee and Hong, 2004); however,
there is as yet no direct experimental evidence for this. A
mutation in the FASTKD2 gene was reported to cause an iso-
lated complex IV deficiency in a patient presenting with mito-
chondrial encephalomyopathy, but the molecular mechanism
for this defect was not investigated (Ghezzi et al., 2008).ll Reports 10, 920–932, February 17, 2015 ª2015 The Authors 921
Figure 1. RNA Granule Proteins
(A–C) Co-localization of endogenous DHX30, DDX28, FASTKD2, and FASTKD5 with (A) GRSF1, (B) BrU, and (C) DNA in 143B cells. Newly synthesized RNA was
labeled by a short pulse of BrU and visualized with an anti-BrdU antibody. Scale bars are 10 mm.
(D) Quantification of co-localization of immunofluorescence of DHX30, DDX28, FASTKD2, and FASTKD5 with GRSF1, BrU, and DNA, respectively, in 143B cells
using ImageJ software in at least 20 different cells from two or three independent experiments. Bars represent the mean and SE.A role for FASTKD2 in apoptosis of both breast and non-breast
cancer cells has also been suggested; however, the apoptotic
response was independent of its mitochondrial localization
(Yeung et al., 2011). Thus, the precise roles of DHX30 and
FASTKD2 in mitochondria remain to be determined. Here, we
have studied their function, along with two other proteins iden-
tified in our RNA granule screen (Table S1): DDX28, another
predicted RNA helicase, and FASTKD5, another member of
the FASTKD family.922 Cell Reports 10, 920–932, February 17, 2015 ª2015 The AuthorsDHX30, DDX28, FASTKD2, and FASTKD5 Are Bona Fide
RNA Granule Proteins
We first wanted to determine whether these proteins were bona
fide RNA granule proteins, so we performed indirect immunoflu-
orescence experiments in 143B cells using antibodies directed
against the endogenous proteins to investigate the degree of
co-localization of the four proteins with both GRSF1 and newly
synthesized mitochondrial RNA labeled with BrU (Figure 1).
These experiments confirmed the presence of DHX30, DDX28,
Figure 2. Knockdown of RNA Granule Pro-
teins Causes a Mitochondrial Translation
and OXPHOS Assembly Defect
(A) Mitochondria isolated from control and siRNA-
treated fibroblasts were separated by SDS-PAGE
and probed with antibodies against the indicated
proteins. Porin was used as a loading control.
(B) BN-PAGE analysis of siRNA-mediated knock-
down of RNA granule proteins shows an OXPHOS
defect as revealed by subunit-specific antibodies
against individual OXPHOS complexes.
(C) Pulse-labeling translation experiment of the 13
mitochondrially encoded polypeptides (seven
subunits of complex I [ND], three subunits of
complex IV [COX], two subunits of complex V
[ATP], and one subunit of complex III [cyt b]) in
control and siRNA-treated cells.FASTKD2, and FASTKD5 in the RNA granule, as 50%–90% of
these proteins co-localized with both GRSF1 (Figure 1A) and
the newly synthesized RNA (Figure 1B), while only 30%–40%
co-localized with nucleoids visualized with an anti-DNA antibody
(Figure 1C), emphasizing that even in diffraction-limited images,
the majority of mitochondrial RNA granules can be visualized as
distinct structures.
siRNA-Mediated Suppression of DHX30, DDX28,
FASTKD2, and FASTKD5 Results in OXPHOS Assembly
Defects and Impaired Mitochondrial Translation
To investigate the function of the four proteins in mitochondria,
we silenced them using small interfering RNA (siRNA) in immor-
talized human fibroblasts. We analyzed the cells after either 6 or
9 days with very similar results. The results we present here were
obtained after 9 days of silencing, except for FASTKD5, which
was analyzed after 6 days because the cells stopped prolifer-
ating. Immmunoblot analysis showed that the levels of
FASTKD2, FASTKD5, and DHX30 were virtually undetectable,
and the level of DDX28 was reduced to 15% of control at the
end of this experiment (Figure 2A). The levels of MRPL11 were
decreased compared to controls in all siRNA-mediated knock-
downs (by 90% in DHX30; by 70%–80% in GRSF1, DDX28,
and FASTKD5; and by 20% in FASTKD2). DDX28 was reducedCell Reports 10, 920–932,to 50% of control for all other siRNAs.
DHX30 siRNA treatment resulted in an in-
crease of FASTKD2 levels, and FASTKD5
was increased in cells treated with siRNA
for GRSF1. FASTKD2 siRNA treatment
led to an increase in GRSF1, FASTKD5,
MRPS18B, and SDHA levels and a reduc-
tion in EFG1 levels. FASTKD5 siRNA treat-
ment caused a reduction of all RNA
granule proteins, along with MRPS18B,
a protein of the mt-SSU. RNA granule for-
mation was not, however, prevented by
silencing of any of the proteins we studied
(Figure S2).
In rho0 cells, which are depleted of
mtDNA, and hence do not contain anymitochondrial RNA ormitochondrial RNA granules, protein levels
of DHX30, DDX28, and FASTKD2 were diminished to less than
10% of control and FASTKD5 levels were decreased by 50%
(Figure S3B). DHX30 and DDX28 were virtually undetectable in
rho0 cell mitochondria by immunofluorescence (Figure S3A),
and while we could detect FASTKD2 and FASTKD5, they were
distributed uniformly across the mitochondrial network. We
conclude from these data that all of the proteins we silenced
are to some degree interdependent and that depletion of any
of them is associated with decreased levels of mitochondrial
ribosomal subunits.
The depletion of DHX30, FASTKD2, and DDX28 resulted in a
severe combined OXPHOS assembly defect, as revealed by
blue native PAGE (BN-PAGE) analysis (Figure 2B), while
FASTKD5 siRNA treatment resulted in an isolated complex IV
(COX) deficiency. To test whether the assembly defects resulted
from impaired mitochondrial protein synthesis, we pulsed
labeled the mitochondrial translation products with a mixture of
[35S]-methionine/cysteine in the presence of emetine, a cyto-
plasmic translation inhibitor (Figure 2C). We observed a mild
overall decrease in mitochondrial protein synthesis in DDX28-
silenced cells (88% of control) and a moderate to severe overall
decrease in FASTKD2 and DHX30 siRNA-treated cells (57% and
25% of control, respectively). Similar to results we previouslyFebruary 17, 2015 ª2015 The Authors 923
Figure 3. Impaired Processing of Noncanonical Mitochondrial mRNA Precursors in FASTKD5-Depleted Cells
(A) RNA analysis of fibroblasts treatedwith individual siRNAs and five control fibroblasts. Northern blot analysis was performed by hybridizing with probes specific
for the mitochondrial mRNAs and rRNAs and, as a loading control, with probes for cytosolic actin, GAPDH, and 18S rRNA.
(B and C) Quantification of mature (B) and unprocessed (C) mitochondrial transcripts from the northern blot analysis shown in (A). The bars represent the average
of two independent experiments for cells treated with siRNA for GRSF1, DHX30, DDX28, and FASTKD2.reported in GRSF1-silenced cells (Figure 2C; Antonicka et al.,
2013), the pattern of protein synthesis was not uniform in
DHX30- and DDX28-silenced cells. In DHX30-depleted cells,
the synthesis of the ND5, ND6, COX I, and COX II polypeptides
was the most affected (less than 15% of control), while the syn-
thesis of ND1, ND3, and ATP6 was more than 50% of control. In
DDX28-depleted cells, ND5, ND4, COX II, and ND6 were the
most affected subunits (less than 50% of control). Conversely,
in FASTKD2-depleted cells, protein synthesis was uniformly
decreased (45%–75% of control).
siRNA-mediated silencing of FASTKD5 resulted in an overall
50% reduction of mitochondrial protein synthesis; however,
the synthesis of COX I was severely impaired, only 7% of
that in controls (Figure 2C), accounting for the marked, iso-924 Cell Reports 10, 920–932, February 17, 2015 ª2015 The Authorslated complex IV assembly defect seen by BN-PAGE analysis
(Figure 2B).
As all four proteins we investigated are predicted to play a role
in mitochondrial RNA metabolism, we wanted to evaluate if
impaired mitochondrial protein synthesis could be the result of
alterations in the steady-state levels of mitochondrial transcripts,
so we carried out northern blot analyses (Figure 3). Strikingly, in
FASTKD5-depleted cells, we detected a massive accumulation
of three unprocessed heavy-strand transcripts: 50 end-COX I,
ATP8/6+COX III, and ND5+cyt b. The 50 or 30 ends of these so-
called non-canonical mRNAs in the unprocessed transcripts
are not adjacent to a tRNA and therefore cannot be processed
by the activities of RNase P and RNase Z. The processing defect
in FASTKD5-depleted cells resulted in almost undetectable
levels of mature COX I mRNA (6% of control), explaining the se-
vere COX I translation defect (Figure 2C). The marked decrease
in levels of mature COX III and ATP8/6 mRNAs (30% of controls)
is also in accord with the decrease in the translation of COX III
(50% of control) and ATP6 (60% of control). The levels of mature
transcripts for ND5 and cyt b were 3-fold increased in FASTKD5-
depleted cells compared to control. Nevertheless synthesis of
cyt b was decreased by 50%, while ND5 was synthesized to
the same extent as in controls, suggesting that the increase in
the levels of ND5-cyt b precursor mRNA impairs translation of
cyt b. Contrasting with the above results, the levels of all canon-
ically processed mitochondrial transcripts were increased 3- to
7-fold. Similarly, the RNA19 precursor (encompassing 16S
rRNA-tRNA(Leu)-ND1 mRNA) was increased 3-fold.
Depletion of DHX30, DDX28, and FASTKD2 resulted in some
alterations in the levels of individual mitochondrial mRNAs; how-
ever, the changes were rather modest and could not generally
account for the observed defects in mitochondrial protein syn-
thesis. The protein synthesis defect in DHX30-, FASTKD2-,
and DDX28-depleted cells did, however, correlate with low
levels of 16S rRNA in all cases, the most affected transcript in
these experiments (decreased by 50%).
The processing of the canonical primary transcripts did not
appear to be significantly impaired in any of the silencing exper-
iments. Unprocessed transcripts were not visible on northern
blots (Figure 3) and were either unchanged or at most 2-fold
altered relative to controls using a sensitive qRT-PCR assay (Fig-
ure S4). To put these results in perspective, the levels of unpro-
cessed transcripts are increased by one to two orders of
magnitude over control when either RNase P or RNase Z are
suppressed or mutated (Haack et al., 2013; Sanchez et al.,
2011). Together, these data indicate that impaired mitochondrial
translation is the cause for the observed OXPHOS defects in
cells in which DHX30, DDX28, and FASTKD2 were silenced.
The decrease in the 16S rRNA in DHX30-, FASTKD2-, and
DDX28-depleted cells suggested a role for these proteins in
mitochondrial ribosome assembly.
Impaired Mitochondrial Ribosome Assembly in DHX30-,
DDX28-, and FASTKD2-Depleted Cells
To investigate the role of DHX30, DDX28, FASTKD2, and
FASTKD5 in ribosome biogenesis, we examined the assembly
of the mitochondrial ribosome by sucrose density gradient
centrifugation of mitochondria from control and siRNA-treated
cells (Figure 4). In control cells (Figure 4A), the majority of
FASTKD2 and FASTKD5 migrated near the top of the gradient
and did not co-sediment with either the small (mt-SSU) or large
(mt-LSU) mitochondrial ribosomal subunits. DHX30 protein
was evenly distributed across the entire gradient, with a very
slightly increased signal detected in the fractions containing
the 55S mitochondrial monosome. The pattern of DDX28 sedi-
mentation was identical to that of the large ribosomal subunits,
MRPL44 and MRPL11, suggesting that DDX28 is an accessory
subunit of the mt-LSU. Consistent with this, depletion of
DDX28 resulted in decreased levels of MRPL11 and MRPL44
in both the mt-LSU and monosome fractions and accumulation
of MRPL44 in fractions 2 and 3 (Figure 4C), whereas the assem-
bly of the mt-SSU was unaffected.CeDepletion of DHX30 (Figure 4B) and FASTKD2 (Figure 4D) also
impaired the assembly of the mt-LSU and the mitochondrial
monosome, with increased accumulation of unassembled ribo-
somal proteins in fractions 2, 3, and 4 at the top of the gradient.
In DHX30-depleted cells, the assembly of the mt-SSU was
marginally affected; however, there was a marked accumulation
of some small subunits in the lighter fractions. In FASTKD2-
depleted cells, the levels of all tested proteins of mt-SSU were
increased, indicating that while DHX30 and FASTKD2 are both
important for the assembly of themitochondrial monosome, their
roles are distinct.
Interestingly, in FASTKD5-depleted cells (Figures 4E and S5),
the levels of both the mt-SSU and mt-LSU were decreased (as
were the 12S and 16S rRNAs relative to the levels of the canon-
ically processed mRNAs), suggesting that the accumulation of
mitochondrial mRNA precursors (Figure 3), which cannot be effi-
ciently translated, leads to stalling and subsequent degradation
of the mitochondrial ribosome. A similar mechanism was pro-
posed in patients carrying mutations in ELAC2 (the gene coding
for mitochondrial RNase Z), where accumulation of tRNA-mRNA
precursors lead to a decrease in mitochondrial protein synthesis
(Haack et al., 2013), although the authors did not analyze the as-
sembly of the mitochondrial ribosome.
Identification of Mitochondrial RNA Targets of RNA
Granule Proteins
The above experiments suggested that all the four putative RNA-
binding proteins we studied might have unique RNA substrates.
To identify the targetmitochondrial RNA transcripts, we immuno-
precipitated the individual proteins from UV-crosslinked 143B
cells, isolated the co-immunoprecipitated RNA, and performed
pair-end RNA sequencing (RNA-seq) experiments (Figure 5). As
a positive control, aGRSF1 immunoprecipitationwas performed.
Although the RNA-seq analysis was not strand specific, GRSF1
bound to the previously identified transcripts encompassing
the region from 12,400 bp to 15,900 bp on mtDNA (Antonicka
et al., 2013). We were also able to identify a new RNA-binding
site for GRSF1 corresponding to positions 1–300 bp and
16,300–16,569 bp in the non-coding region of mtDNA. These re-
gions form a continuous sequence 100 bp downstream of the
light-strand promoter (PL), suggesting that GRSF1 binds the pri-
mary G-rich light strand transcript rapidly after transcription.
RNA co-immunoprecipitation analysis clearly showed that
DDX28 bound the 16S rRNA, with specificity for the region be-
tween positions 2,700 and 3,150 bp (numbered according to
the mtDNA sequence and corresponding to positions 1,030–
1,480 nt in the 16S rRNA), encompassing domain V of the 16S
rRNA, which is present on the subunit interface side of the
mt-LSU (Greber et al., 2014). We conclude that DDX28 is a
16S rRNA helicase, which co-migrates with mt-LSU, facilitating
the proper assembly of the mt-LSU. Consistent with this, loss
of DDX28 resulted in decreased levels of 16S rRNA (Figures 3A
and 3B) and the mt-LSU (Figure 4C). Binding of DHX30 to mito-
chondrial RNA was rather uniform across the whole genome,
and we were not able to pinpoint any specific RNA substrate
for DHX30.
FASTKD2 also had a very strong affinity for the 16S rRNA;
however, the binding was rather evenly distributed along thell Reports 10, 920–932, February 17, 2015 ª2015 The Authors 925
Figure 4. Impaired Assembly of the Mitochondrial Ribosome
(A–E) Identification of mitochondrial ribosomal proteins and RNA granule proteins by sucrose gradient centrifugation in control fibroblasts (A) and fibroblasts
treated with siRNA for DHX30 (B), DDX28 (C), FASTKD2 (D), and FASTKD5 (E). The migration of the small (28S) and large (39S) mitochondrial ribosomal subunits
and the mitochondrial monosome (55S) is indicated.whole transcript (Figure 5). Consistent with this, knockdown of
FASTKD2 resulted in diminished levels of mitochondrial mono-
some, mt-LSU, and 16S rRNA. FASTKD5 co-immunoprecipi-
tated with the 12S rRNA, and with all mitochondrial mRNAs,
except for ND3 mRNA. FASTKD5 mRNA binding was strongest
for mRNAs encoding the complex IV subunits, consistent with
its role in processing of COX I and COX III mRNAs.
Protein-Protein Interactions in the Mitochondrial RNA
Granule
To investigate whether RNA granule proteins form stable com-
plexes or act individually, we employed two different strategies
to identify interacting protein partners: (1) two-dimensional
PAGE (2D-PAGE) analysis and (2) immunoprecipitation followed
by liquid chromatography-tandem mass spectrometry (LC-MS/926 Cell Reports 10, 920–932, February 17, 2015 ª2015 The AuthorsMS) analysis. Mitochondria isolated from 143B cells were sepa-
rated by BN-PAGE in the first dimension (Figure 6A), followed by
a tricine/SDS-PAGE separation in the second dimension (Fig-
ure 6B). We identified several protein complexes recognized
by the antibodies on both the native and 2D-PAGE analysis (Fig-
ures 6A and 6B; complexes a–g). GRSF1, DDX28, and FASTKD2
were predominantly present as monomers (51 kDa, 58 kDa,
complex g [67 kDa], respectively); however, a small fraction of
these proteins was also present in higher-molecular-weight
complexes. FASTKD5 was primarily found in a protein complex
of 103 kDa (complex f), indicating that FASTKD5 exists in a
stable complex with an as-yet-unidentified protein(s), as the
monomer migrates as an 80-kDa protein. Similarly, DHX30 was
present in a complex of 232 kDa, although its monomer
runs as a 130-kDa protein. Complexes a–d contained various
Figure 5. Identification of Mitochondrial RNA Targets
RNA isolated from the immunoprecipitation experiments of GRSF1, DHX30, DDX28, FASTKD2, and FASTKD5 was subjected to pair-end RNA-seq analysis. The
graph represents a heatmap of the normalized average density of the reads across the mitochondrial genome. Control sample represents non-specific binding of
mitochondrial RNA to the naked beads (no antibody used for immunoprecipitation).combinations of the RNA granule proteins (and possibly other
unknown proteins); complexes a and c contained all five RNA
granule proteins; complex b included DHX30, DDX28, and
FASTKD2; and complex d contained GRSF1 and DDX28.
To further investigate the detected interactions between these
factors, we immunoprecipitated individual proteins from mito-
chondria isolated from 143B cells and analyzed the precipitates
by LC-MS/MS (Table S2). We expected that majority of these in-
teractions would be transient, as the major role of these proteins
involves posttranscriptional interactions with mitochondrial
RNAs. Accordingly, only two proteins were identified in recip-
rocal immunoprecipitations: FASTKD2 and FASTKD5. Neverthe-
less, co-immunoprecipitation analysis, together with the
identification of high-molecular-weight complexes by 2D-
PAGE, allowed us to propose a model of the interactome of
RNA granule proteins (Figure 6C). Interestingly, all four RNA
granule proteins co-immunoprecipitated with an assortment of
mitochondrial ribosomal proteins (Table S2), consistent with a
role in mitochondrial ribosome maintenance or biogenesis.
In order to test if any RNA granule proteins, and specifically
DDX28 and DHX30, which co-migrated with the ribosomal pro-
teins on a sucrose gradient (Figure 4A), were stably attached
to the mitochondrial ribosome, we immunoprecipitated
MRPS18B, a protein of the small ribosomal subunit, from three
sucrose gradient fractions: fraction 11, the mitochondrial 55S
monosome; fraction 6, the 28S mt-SSU; and fraction 3, repre-
senting a subassembly of the mitochondrial ribosome that forms
even in the absence of rRNA (unpublished observations) (Table
S2). (We similarly attempted to immunoprecipitate a protein of
the large mitochondrial subunit; however, none of the tested
antibodies worked satisfactorily.) TheMRPS18B immunoprecip-
itation experiment demonstrated that DDX28 was part of the
mitochondrial 55S monosome fraction and that DHX30 was pre-
sent in the precipitate in all three fractions, in accordance with
the migration of these proteins on the sucrose gradient, further
confirming that DDX28 and DHX30 are accessory subunits of
the mitochondrial ribosome.
DISCUSSION
This study firmly establishesmitochondrial RNA granules as cen-
ters for the biogenesis of mitochondrial ribosomes.We show thatCethree previously uncharacterized bona fide RNA granule pro-
teins—two RNA helicases and one FASTKD family member—
play essential and apparently non-redundant roles in different
aspects of mitochondrial ribosome assembly, and we identify
the 16S rRNA as a target for two of them: DDX28 and FASTKD2.
A role for DDX28 inmitoribosome assembly was also reported by
Tu and Barrientos (2014) in this issue of Cell Reports. Our previ-
ous investigation of GRSF1, which binds to G-rich L-strand tran-
scripts (Antonicka et al., 2013), showed that it is also required for
ribosome assembly, as suppression of GRSF1 resulted in the
accumulation of a mt-SSU subassembly and a decrease in mt-
LSU content. The RNA granules then can be viewed as perform-
ing a function analogous to that of the nucleolus where cyto-
plasmic ribosomes are synthesized, although obviously the
mechanisms of ribosome assembly are substantially different.
The identification of a large toolbox of proteinswith established
roles in RNA metabolism in the GRSF1 immunoprecipitate also
cements a role for this compartment as a center for the posttran-
scriptional processing and handling of mitochondrial RNAs. The
proteins we identified in this analysis corroborate recent studies
showing that the subunits of RNase P (Bogenhagen et al., 2014;
Jourdain et al., 2013), RNase Z and some structural subunits of
the mitochondrial ribosome (Bogenhagen et al., 2014), an rRNA
methyltransferase (RNMTL1) (Lee et al., 2013), mtPAP, the mito-
chondrial poly(A) polymerase (Wilson et al., 2014), and compo-
nents of the mRNA degradation complex SUPV3L1 and PNPase
(Borowski et al., 2013) also localize to GRSF1/BrU-positive foci
(or foci adjacent to nucleoids). Immunoprecipitation analysis of
GRSF1, DHX30, DDX28, FASTKD2, and FASTKD5 from UV-
crosslinked cells (Table S3) further reinforces the notion that
these proteins form a core interactome of the RNA granules.
The biogenesis of mitochondrial ribosomes is very incom-
pletely understood, but it is thought that it resembles to some de-
gree that found in prokaryotes, reflecting the evolutionary origins
of mitochondria from alpha-proteobacteria. Ribosome assembly
is a complex multistep process that involves stabilization and
modification of rRNA structures based on the successive binding
of structural subunits. RNA helicases are ATP-dependent
enzymes that function in resolving RNA secondary structure,
dissociating RNA-binding proteins, or remodeling ribosome
sub-assemblies (Linder, 2006; Martin et al., 2013). Several mem-
bers of the DEAD box RNA helicase family mediate bacterialll Reports 10, 920–932, February 17, 2015 ª2015 The Authors 927
Figure 6. Protein-Protein Interactions of the Mitochondrial RNA Granule Proteins
(A) Identification of seven protein complexes (a–g, indicated on the left) containing individual RNA-binding proteins by BN-PAGE analysis of mitochondrial ex-
tracts from 143B cells. The antibodies used are indicated on the top of the gel. The positions of OXPHOS complexes V, III, and II were used as a reference.
(B) Two-dimensional BN-PAGE/SDS-PAGE electrophoresis analysis of mitochondria from 143B cells. The positions and calculated molecular weights of
complexes identified in (A) are indicated. *GRSF1 indicates a residual signal. Protein spot marked with a white ‘‘x’’ indicates a non-specific band recognized by
the DDX28 antibody.
(C) A proposed interactome of the mitochondrial RNA granule proteins.ribosome assembly (Martin et al., 2013; Shajani et al., 2011), but
little is known about similar enzymes in mammals (Szczesny
et al., 2013).
Previous immunofluorescence studies of DDX28 showed a
punctate distribution in mitochondria in a small fraction of
COS-1 cells, and subsequent electron microscopy and
biochemical experiments suggested that it was a peripheral in-
ner membrane protein, interacting with the membrane in an
RNA-dependent fashion (Valgardsdottir et al., 2004). DDX28 is
the human homolog of Mrh4, a DEAD box RNA helicase in yeast
that was recently shown to play a role in the assembly of the
mt-LSU in yeast, acting late in the assembly pathway (De Silva
et al., 2013). Deletion of Mrh4 resulted in the accumulation of
on-pathway intermediates. Although our data suggest that the
role of DDX28 is evolutionarily conserved, we did not observe
the accumulation of any obvious mt-LSU intermediates. How-
ever, our RNA-seq data confirm that its target is the 16S rRNA
and that silencing DDX28 results in decreased levels of the
16S rRNA and reduced synthesis of the mt-LSU. Interestingly928 Cell Reports 10, 920–932, February 17, 2015 ª2015 The Authorsthe apparent binding site in domain V of the 16S rRNA encom-
passes the site (G1370) on the A-loop that is methylated by
RNMTL1 (Lee and Bogenhagen, 2014; Rorbach et al., 2014), a
protein that appears to localize to RNA granules (Lee et al.,
2013) and immunoprecipitated with GRSF1 (Table S1) and
DDX28 (data not shown).
DHX30was previously shown to localize to foci in the vicinity of
nucleoids (Wang and Bogenhagen, 2006), which our data show
are RNA granules. DHX30 did not specifically co-sediment in any
specific fraction on the sucrose density gradient, nor could we
identify any specific RNA target. Nonetheless, silencing DHX30
produced a very severe decrease in translation that correlated
with a near-complete disappearance of monosomes. It also
co-immunoprecipitated with MRPS18B in all three fractions
from the sucrose density gradient representing an rRNA-free
mt-SSU subassembly, the mt-SSU, and the monosome, sug-
gesting that it remains closely associated with the ribosome at
all stages of assembly. Further detailed studies will be required
to uncover its precise molecular function.
The FASTKD proteins are an interesting but relatively ne-
glected protein family. Although all were previously associated
with mitochondria (Simarro et al., 2010b), none had been associ-
ated with RNA granules. FASTK, the founding member, was
described as an anti-apoptotic protein that shuttles between
mitochondria and the nucleus (Simarro et al., 2010a). Silencing
FASTKD3 produced a marked but yet-unexplained defect in
respiration (Simarro et al., 2010b), and similar experiments on
FASTKD4 showed changes in the stability of somemitochondrial
mRNAs (Wolf and Mootha, 2014). Mutations in FASTKD2 were
found in a patient withmitochondrial encephalopathy associated
with an isolated complex IV deficiency (Ghezzi et al., 2008), but
our data suggest a more pervasive combined OXPHOS assem-
bly defect associated with loss of FASTKD2 function.
Most mitochondrial mRNAs and rRNAs on the primary mito-
chondrial transcripts are separated from each other by one or
more tRNAs, which act as cleavage signals for processing—
the so-called tRNA punctuation processing model (Ojala et al.,
1981). However, four mitochondrial precursor transcripts are
not punctuated by tRNAs at their 50 or 30 ends: three transcripts
encoded by the heavy-strand (the 50 end of COX I, ATP8/6-COX
III, and ND5-cyt b) and the 30 end of ND6 encoded by the light
strand. Sanchez et al. (Sanchez et al., 2011) suggested that
the 50 end of COX I is processed by RNase P; however, they
could not detect the unprocessed transcript by northern blot
analysis, and qRT-PCR analysis revealed only 2- to 3-fold in-
crease in the 50-COX I precursor in cells in which RNase P was
suppressed. Another RNA-binding protein, PTCD2, a member
of the PPR protein family, has been reported to be involved in
processing of ND5-cyt b precursor transcript, but whether sup-
pression of PTCD2 impairs mitochondrial protein synthesis is not
known (Xu et al., 2008). Our results unequivocally demonstrate
that FASTKD5 is essential for processing the three non-canoni-
cal transcripts encoded on the heavy strand, as depletion of
FASTKD5 results in a massive accumulation of the unprocessed
precursor RNAs, which are easily detectable by northern blot
analysis. Interestingly, the effect on mature transcript levels dif-
fers for each of the precursors, ranging from virtually undetect-
able (COX I mRNA) to 30% of control levels (COX III and
ATP8/6) to 3-fold increased (ND5 and cyt b). FASTKD5 is not
known to contain a nuclease activity, and further studies will
be necessary to show whether FASTKD5 is itself capable of pro-
cessing these transcripts or whether it requires participation of
another protein(s). The observation that FASTKD5 associates
with the 12S rRNA and co-immunoprecipitated with MTIF2
(data not shown), one of the mitochondrial initiation factors, sug-
gests that RNA processing and the formation of the initiation
complex might be tightly coupled, but more detailed studies
will obviously be necessary to test this. The accumulation of
the H-strand unprocessed transcripts is accompanied by an
increase in the levels of transcripts that are processed in the
canonical fashion and rather strikingly results in a loss of mito-
chondrial ribosomes, which we speculate might be triggered
by stalled protein synthesis.
RNA granules and nucleoids are found in close proximity to
one another, but the precise nature of the functional relationship
between them is not known. Newly transcribed mitochondrial
RNA rapidly appears in the RNA granules, and while it hasCebeen suggested that rRNA binding or modifying proteins
associate with the nascent polycistronic transcript co-transcrip-
tionally, recent studies convincingly showed almost no co-local-
ization of the three subunits of RNase P or of RNase Z with
nucleoid structures (Bogenhagen et al., 2014), suggesting that
the primary processing events likely occur in the RNA granule.
The fact that 80%–90% of GRSF1 was shown to co-localize
with newly synthesized RNA in two studies (Antonicka et al.,
2013; Jourdain et al., 2013) further suggests that processing of
the primary transcript occurs in the RNA granules.
Bogenhagen proposed that the first steps in ribosome biosyn-
thesis occurred at the nucleoids and that the RNA granules
(which he referred to as processing bodies) should be consid-
ered as dynamic physical extensions of nucleoids (Bogenhagen
et al., 2014). However, RNA granules appear as distinct foci, the
majority of which can be clearly resolved from nucleoid struc-
tures, even in diffraction-limited light microscope images. Were
nucleoids and granules simple physical extensions of one
another, one would expect to find similar principles of assembly
or disassembly, which does not seem to be the case. Nucleoids
form very compact structures, whose principal protein constitu-
ent is TFAM, a high-mobility group box binding protein that binds
DNA non-specifically with high affinity (Kukat et al., 2011). The
crystal structure of TFAMbound to DNA shows that TFAMbends
and loops DNA driving its compaction (Ngo et al., 2014), and
nucleoid-like structures can also form in a simple solution of
TFAM and DNA as demonstrated by atomic force microscopy
(Kaufman et al., 2007). How the enzymatic machinery necessary
for replication and transcription of mtDNA gains access to the
DNA template in the compact nucleoid structure is not well un-
derstood, but there is no evidence that it involves the disas-
sembly of the nucleoid per se.
Although the assembly of mitochondrial RNA granules has not
yet been investigated, they are likely to be very dynamic struc-
tures, as is the case for cytoplasmic RNA granules. The forma-
tion of cytoplasmic RNA granules from the liquid state is driven
by low-complexity (prion-like) elements, distinct from the RNA-
binding domains in many RNA-binding proteins, and by the
multivalent binding properties of most RNA-binding proteins
(Weber and Brangwynne, 2012). GRSF1 has such an unstruc-
tured region at its N terminus, although whether this is sufficient
to promote granule assembly is not known. We envision a model
in which newly transcribed RNA immediately associates with
RNA-binding proteins that self-assemble, coalescing to form
discrete foci by recruitment of other proteins in close proximity
to nucleoids. It is likely that the size and shape of RNA granules
we observe are diffraction limited, a fact already established for
nucleoids (Brown et al., 2011; Kukat et al., 2011). Superresolu-
tion light microscope studies will likely be required to resolve
the physical relationships between RNA granules and nucleoids
and the nature of the RNA and protein traffic between them.
EXPERIMENTAL PROCEDURES
Cell Lines
Immortalized control fibroblasts and 143B and 143B rho0 cell lines were grown
in high-glucose DMEM supplemented with 10% fetal bovine serum, at 37C in
an atmosphere of 5%CO2. Themedium for the 143B rho
0 cell line was supple-
mented with 50 mg/ml of uridine. For UV-crosslink experiments, 143B cellsll Reports 10, 920–932, February 17, 2015 ª2015 The Authors 929
grown on plates were washed in PBS and UV-crosslinked in UV Stratalinker
1800 (Stratagene) for 10 min on ice.
Immunoprecipitation
Mitochondria (400 mg) isolated from 143B cells or UV-crosslinked 143B cells
were extracted in 200 ml extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% taurodeoxycholate and complete protease inhibitors without
EDTA [Roche]) on ice for 40 min. The extract was centrifuged at 9,000 3 g
at 4C for 20 min, and the supernatant was pre-cleared overnight with non-
coated Dynabeads protein A (Invitrogen) to reduce non-specific protein bind-
ing to the beads. Binding of indicated antibodies to Dynabeads Protein A
(Invitrogen) was performed according to the manufacturer’s instructions
(version no. 004), with the exception of the durations of the incubation of the
antibody with the beads, which was carried out overnight. The pre-cleared ex-
tracts or sucrose gradient fractions were then used in the immunoprecipitation
experiment with antibody-crosslinked beads and non-coated beads (control
immunoprecipitation). The immunoprecipitation reaction was performed over-
night at 4C. Samples were eluted using 0.1 M glycine/1% dodecyl maltoside,
trichloroacetic acid precipitated and analyzed on an Orbitrap (Thermo Scien-
tific) at the Institute de Recherches Cliniques de Montreal.
Immunocytochemistry
Control fibroblast cells and 143B and 143B rho0 cells grown on coverslips were
fixed with 4% formaldehyde solution, solubilized by Triton X-100, and incu-
bated with the indicated antibodies. For BrU labeling, cells grown on cover-
slips were incubated with 2.5 mM BrU for 30 min prior to fixation. Anti-BrdU
antibody was used to detect BrU-labeled RNA. The appropriate anti-species
secondary antibodies coupled with Alexa fluorochromes (Invitrogen) were
subsequently used at a dilution of 1:1,000. Cells were imaged with Olympus
IX83 microscope connected to a Yokogawa CSU-X confocal scanning unit.
Images were analyzed using ImageJ software Fiji (Schindelin et al., 2012).
Antibodies
The following antibodies were used in this study: anti-DHX30 (Abcam), anti-
DDX28 (Sigma-Aldrich), anti-FASTKD2 (Proteintech Group), anti-FASTKD5
(Sigma-Aldrich), anti-GRSF1 (Sigma-Aldrich), anti-BrdU (Sigma-Aldrich),
anti-DNA (PROGEN Biotechnik GmbH), anti-SDHA (Abcam), anti-Porin
(EMD Calbiochem), anti-MRPL11 (Sigma-Aldrich), anti-MRPS18B (Protein-
tech Group), anti-EFG1 (in-house), anti-ND1 (a kind gift of Anne Lombes),
anti-COX IV (Abcam), anti-ATP5A1 (Abcam), anti-UQCRC2 (Abcam), anti-
MRPL44 (Proteintech Group), anti-MRPS27 (Proteintech Group), and anti-
MRPS22 (Proteintech Group).
siRNA Transfection
Stealth RNAi duplex constructs (Invitrogen) were used for transient
knockdown of DHX30 (HSS177019), DDX28 (HSS125053), FASTKD2
(HSS176985), FASTKD5 (HSS127071), and GRSF1 (HSS104516) in control
fibroblasts and 143B cells. Stealth siRNA duplexes were transiently trans-
fected into cells using Lipofectamine RNAiMAX (Invitrogen), according to the
manufacturer’s specifications. The transfection was repeated on days 3 and
6 and the cells were harvested on day 9 for analysis, except for FASTKD5
knockdown cells, which were harvested on day 6.
Mitochondrial Isolation
143B and 143B rho0 cells and fibroblasts were resuspended in ice-cold
250 mM sucrose/10 mM Tris-HCl (pH 7.4) and homogenized with seven
passes in a pre-chilled, zero-clearance homogenizer (Kimble/Kontes). A
post-nuclear supernatant was obtained by centrifugation of the samples twice
for 10 min at 6003 g. Mitochondria were pelleted by centrifugation for 10 min
at 10,0003 g and washed once in the same buffer. Protein concentration was
determined by Bradford assay.
Denaturing, Native, and 2D-PAGE
SDS-PAGEwas used to separate isolatedmitochondrial extracts and fractions
from sucrose gradient sedimentation. In general, isolated mitochondria were
extracted with 1.5% dodecyl maltoside/PBS, after which 20 mg of protein
was run on either 10% or 12.5% polyacrylamide gels.930 Cell Reports 10, 920–932, February 17, 2015 ª2015 The AuthorsBN-PAGE was used to separate individual OXPHOS complexes. Isolated
mitochondria were solubilized with 1% dodecyl maltoside, and 10–20 mg of
solubilized samples were run in the first dimension on 6%–15% polyacryl-
amide gradient gels as previously described (Leary and Sasarman, 2009).
For the second-dimension analysis, BN-PAGE/SDS-PAGE was carried out
as detailed previously (Antonicka et al., 2003). The separated proteins were
transferred to a nitrocellulose membrane and immunoblot analysis was per-
formed with indicated antibodies.
Mitochondrial Translation Assay
Pulse labeling of mitochondrial translation products in control and siRNA-
treated fibroblasts was performed as described in detail elsewhere (Sasarman
and Shoubridge, 2012).
Northern Blotting
Total RNAwas isolated from control and siRNA-treated cells using the RNeasy
Plus Kit (QIAGEN). Northern blotting was carried out essentially as described
previously (Weraarpachai et al., 2009).
Sucrose Density Gradient Sedimentation
Mitochondria from control and siRNA-treated cells (400 mg) were lysed in lysis
buffer (260 mM sucrose, 100 mM KCl, 20 mM MgCl2, 10 mM Tris-Cl [pH 7.5],
1% Triton X-100, 5 mM b-mercaptoethanol, protease inhibitor cocktail without
EDTA [Roche]) on ice for 20 min. Lysates were cleared by centrifugation at
9,400 3 g for 45 min at 4C and subsequently loaded on a 1 ml 10%–30%
discontinuous sucrose gradient (50 mM Tris-Cl, 100 mM KCl, 10 mM MgCl2)
and centrifuged at 32,000 rpm for 130 min at 4C in a Beckman SW60-Ti rotor.
After centrifugation, 13 fractions were collected from the top and used for
further analysis (immunoblotting and immunoprecipitation).
RNA Immunoprecipitation
Mitochondria from UV-crosslinked 143B cells (1,600 mg) were extracted in
700 ml extraction buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM
MgCl2, 100 U/ml RNase inhibitor, 3 mM ribonucleoside vanadyl complex,
1% NP-40, and complete protease inhibitors without EDTA [Roche]) on ice
for 40 min, with occasional vortexing. The extract was centrifuged at
25,000 3 g at 4C for 40 min, and the supernatant was pre-cleared overnight
with non-coated Dynabeads protein A (Invitrogen) to reduce non-specific RNA
binding to the beads. Binding of anti-GRSF1, anti-DHX30, anti-DDX28, anti-
FASTKD2, and anti-FASTKD5 antibodies to Dynabeads Protein A (Invitrogen)
was performed according to the manufacturer’s instructions (version no. 004),
with the exception of the durations of the incubation of the antibody with the
beads, which was carried out overnight. The pre-cleared extract was then
equally divided and used in the immunoprecipitation experiment with anti-
body-crosslinked beads and non-coated beads (control immunoprecipita-
tion). The immunoprecipitation reaction was performed at room temperature
for 2 hr.
To isolate RNA following the immunoprecipitation reaction, the beads were
washed five times with extraction buffer, then incubated for 30 min at 37C
with DNase I, followed by a 30 min incubation at 55C with proteinase K in
the presence of 0.1% SDS. Samples were supplemented with EDTA (5 mM),
the magnetic beads were discarded, and phenol-chloroform extraction of
RNA was subsequently performed. DNA-free RNA was further analyzed by
HiSeq2000 (Illumina) at the Genomic Platform of the Institute for Research in
Immunology and Cancer.
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